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We have measured the direct proton-transfer rate between a photoacid, 8-hydroxypyrene-1,3,6- trisulfonate
(HPTS) and a base, acetate anion in water and,@,ising a pump-probe technique withl50 fs time
resolution. The acigtbase reaction can be formulated by the kinetic scheme RO&H*~ — RO* + BH,

where ROH* and RO* are the excited-state protonated and deprotonated forms of HPTS, respectively, and
B~ and BH are the deprotonated and protonated species of the acetate base, respectively. We have analyzed
the experimental data within the framework of the diffusive model. We assume that both species are spherically
symmetric and interact via a screened Coulomb potential of mean force. The reaction occurs with a certain
rate whenever ROH* and Bdiffuse together and come into contact. Our data analysis,@f &hd RO
solutions of 0.5-4 M sodium acetate shows a good agreement with the diffusive model. The intrinsic rate
constants at contact of the reactive species were found to be 1! and 4x 10*° M1 s for H,O and

D,O solutions, respectively. tA4 M salt concentration, the reaction rate is about 3 ps, one of the fastest
intermolecular chemical reactions observed by time-resolved techniques.

Introduction low concentrations of moderate bases to the photoacid solution

Proton-transfer reactions are a common example of-acid results in the reduption of the _geminate recombingtion y’i‘élq.

~ .. The bases react with the geminate proton before it recombines

Mith the anion and hence reduce the probability for the proton
to recombine with its geminate anion.

Most chemists are content in describing the kinetics of
chemical reactions in solution by classical rate equations. In
this approach, the time course of bulk concentrations is assumed

in their excited state. In these cases both proton dissociation®® obey a set of ordinary differential equations. A particular

and recombination occur reversibly on the excited-state potential case of Importance Fhrogghout chemistry is th_at of diffusion-
surfacel2-15 limited reactions with time-dependent reaction rate coef-

Besides their transient nature, such photoacids completel ficients?7 Fluorescence quenching is the process of most of
’ P PIEIEY the experimental studies of diffusion-controlled reactions, in

resemble ground-state proton acids. Thus, similar to ground-Which the time dependence of the quenching rate coefficient is

state acids, one can characterize the strength of a photoacid b¥~nanifested by a nonexponential decay of the fluorescence of
assigning an excited-state equilibrium constaif) (to the the donor in the presence of the quencher

proton dissociation reaction. In such a treatment, both proton Another cl f experiments that can be formulated b
dissociation and recombination reactions should be compared .. other class of experiments that can be formulated by
diffusion formalism is the proton transfer from a photoacid to

to the excited-state lifetimes of both the protonated and th vent and th b " inat binati
deprotonated forms of the photoacid. e solvent and the subsequent geminate recombination process.
A particularly convenient and stable photoacid is 8-hydroxy- N @ Previous study we have measured the effect of proton
scavenging from solvent on the reversible excited-state proton-

pyrene 1,3,6-trisulfonate trivalent anion (pyranine, HPTS). It ‘ 4 ; binati - h
was experimentally shown with this molectfie'> that geminate transfer and geminate recombination reactions. When a proton
scavenger is introduced to the solution, the geminate recombina-

recombination slows the apparent proton dissociation rate by

virtue of being reversible in the excited state. The fingerprint 0N Process diminishes owing to the competition with the
of reversible pair kinetics is the observation of a long tiné’2 homogeneous scavenging reaction. The scavenging reaction may

dependence of the survival probability of the HPTS moleétle. b_e incorpo_r ated into the DSE by the intro_d_uction of an additional
After a proton is transferred to water it has a finite probability SINK term independent of time and position. When the proton
to recombine geminately with the RCanion. The reversible ~ SCaVeNnger concentration Is h'gh. enough, it can react directly
dissociation process is described by a two-step model whereWith the exmtgd-state proton emitter and abstract a protgn.

the chemical step of the bond breaking is followed by the Recently Pines and co-workéfextended the concentration
diffusive motion of the proton around the RGpecies. The range of the proton base in aqueous solut_lons and measured
Debye-Smoluchowski equation (DSE) is successfully used for the direct proton transfer between a photoacid and a base. When

a quantitative description of the process. The introduction of the base concentration is large enough, the direct proton-transfer
reaction rate exceeds the proton-transfer rate to the solvent. For

* Corresponding author. Fax: 972-3-6407012. E-mail: huppert@ & diffusive model, in the Ii_mit o_f diffusior) th_e steady-state
chemosfl.tau.ac.il. second-order rate constant in units of M1 is given bykp =

10.1021/jp0003171 CCC: $19.00 © 2000 American Chemical Society
Published on Web 07/01/2000

the first electronically excited state!! Light serves as an
ultrafast trigger for proton transfer to solvent (PTTS). 1-Naph-
thol, 2-naphthol, and naphthol derivatives undergo an enhance-
ment of acidity when excited to their first electronically excited
singlet staté.Many photoacids exhibit aciebase equilibrium




6690 J. Phys. Chem. A, Vol. 104, No. 29, 2000 Genosar et al.

47N'Da, whereN' = Na/1000 (Na is the Avogadro number). Time-Correlated Single-Photon Counting.Time-resolved
D is the mutual diffusion constant of the reactants, armslthe fluorescence was measured using the time-correlated single-
contact radius. Foa = 7 A andD = 1075 cm?/s, the pseudo photon counting (TCSPC) technique. As an excitation source,
first-order reaction rate fol M base iskp = 7 x 10° s™1. At we used a CW mode-locked Nd:YAG-pumped dye laser
1 M, the rate competes with the rate of proton transfer to the (Coherent Nd:YAG Antares and a 702 dye laser) providing a
solvent of medium strong photoacids like HPTS, 2-naphthol, high repetition rateX 1 MHz) of short pulses (2 ps fwhm). The
and 2-naphthol sulfonate derivatives like 2-naphthol-3,6-disul- TCSPC detection system is based on a Hamamatsu R3809,
fonate and 2-naphthol-6,8-disulfonate. photomultiplier, Tennelec 864 TAC, Tennelec 454 discriminator
The rate of neutralization of acids by strong bases has beenand a personal computer-based multichannel analyzer (nucleus
considered to be an ultrafast evéhStudies in the past have  PCA-Il). The overall instrument response was about 45 ps fwhm
shown that these reactions proceed with nearly diffusion- (using a standard convolution analysis with the instrument
controlled efficiency. The diffusion-controlled rate const&st, response function the time resolution of a single-exponent
provides a rough estimate of the actual proton-transfer rates.fluorescence decay is about 20 ps). Measurements were taken
Pines and co-workers have shown that at very high baseat 10 nm spectral width.
concentration, lik 8 M of aqueous solution of potassium acetate,  8-Hydroxypyrene-1,3,6-trisulfonate (HPTS) was dissolved as
the measured rate provided a good estimation for the intrinsic its trisodium salt (Kodaks 99% chemically pure), gD (~99%),
proton-transfer rates for several photoacids. The intrinsic rate sodium acetate A.R. purchased from Aldrich. HPTS sample
constant for direct proton transfer from excited HPTS to acetate concentrations were between 2 1074 and 5 x 1074 M.
base was estimated to bex7 1010 s71.19 Deionized water had a resistane&0 MQ. All chemicals were
Recently femtosecond fluorescence up-conversion techniqueused without further purification. The solution pH was about
was applied by Tran-Thi and co-workéto study the excited- 6. Steady-state fluorescence spectra of the samples were
state proton-transfer dynamics from HPTS to water. They found recorded on a SLM-AMINCO-Bowman 2 luminescence spec-
that the fluorescence decay consists of three time componentstrometer and corrected according to manufacturer specifications.
A mechanism for proton transfer, which involves three succes- All experiments were performed at room temperature (ca. 24
sive steps, was proposed. The first step-6f3 ps is attributed + 2 °C). To reduce heating and photodegradation effects, a
to solvation of HPTS in the excited state. The second step of rotating cell was used for the sample in the ultrafast laser pulse
2.2 ps involves a hydrogen bond formation between ROH* and experiments.
a specific water molecule. The last process involves the proton Viscosity Measurements of Sodium AcetateH,0/D,0O
dissociation and diffusion at a rate of (87 ps) Solutions. In order to correctly fit our experimental data, we
In this study we have measured, by the femtosecond pump needed an estimation for the mutual diffusion coefficidht,
probe technique, the direct proton transfer from excited HPTS of the ion pair HPTS (as ROH¥Ac™ (B~), which is
to acetate base witkk150 fs time resolution in aqueous solution. concentration dependent. On the basis of the Stokes rel&tion,
The reaction rate was measured in the concentration range ofis inversely dependent on the viscosity, Therefore we
0.5—-4 M sodium acetate (NaAc). We used a diffusive approach conducted viscosity measurements of aqueous and deuterated
to analyze the experimental data. We found a good agreementsolutions of sodium acetate at several salt concentrations. We
between the model calculation and the experimental data. Atused the Ostwald viscometer in order to evaluate the magnitude
the highest concentration (4 M) the reaction rate-&ps. This of #. In this apparatus the viscosity is measured by noting the
rate is so far one of the fastest intermolecular reaction monitoredtime required for the liquid to drain between the two marks in
in solution. the capillary. This time is compared to a known standard sample
. . using the relatiom/n* = t/t*, wheren andn* are the viscosit
Experimental Methods and Data Analysis valugs for the urT]kr?own sample ar?d thenstandard, respec}[/ively,
Femtosecond Pump-Probe Technique.Pump-probe ex-  andt, t* are the times taken by the unknown sample and the
periments reported employed a laser system based on the desigstandard to pass the capillary. The viscosity measurements were
of ref 21. In brief, laser pulses (50 fs duration, centered near taken at room temperature of 2& (297 K). For each solution
800 nm with a pulse energy of6004J) at a 1 kHz repetition  we took three measurements and used their average value. On
rate were generated by a Ti:sapphire-based oscillator (Coherenthe basis of Weller et af. we estimated that that the mutual
Mira seed) amplified by a multipass Ti:sapphire amplifier (Odin  diffusion constanDgron + Dac™ at low salt concentration i®
Quantronix). Each laser pulse was split into two parts: pump =2 x 10-® m? s™%. Table 1 shows the values of the measured
and probe. The probe portion was used to generate white-lightrelative viscosities.
continuum n a 2 mmsapphire disk. The probe light was The Diffusive Model. The direct proton-transfer reaction
obtained by wavelength selection of this continuum using between the excited HPTS molecule (ROH*) and the acetate
interference filters producing approximately 3 nm of bandwidth. anion (B")
The pump portion of the light was chopped at 35 Hz and
optically delayed by a translation stage. Samples were excited ROH* + B~ — RO * + BH (1)
by the second harmonic of the amplified lase00 nm). In
the course of this study we also used a 360 nm pulse, the fourthcan be described by a diffusive model. The direct proton-transfer
harmonic of an OPA at 1440 nm (TOPAS, Light Conversion) reaction rate is formulated by the Smoluchowski thédfyr a
with an energy per pulse of5 xJ. Within the signal to noise  static “target” molecule with a distributiort of diffusing
of the experimental data, we were not able to find a significant scavenger molecules. The survival probabil&t), of ROH*
difference between the two excitation wavelengths. The secondsurrounded by an equilibrium distribution of acetate anion of
harmonic at 400 nm or the 360 nm pulses were generated in aconcentratiorc is assumed to satisfy
0.5 mmp-BBO crystal. The cross correlation between the pump
and the probe pulses is measured to be 250 fs at full-width at d(t)/dt = —k(t)cSt) 2
half-maximum (fwhm), indicating that after deconvolution our
experimental time resolution amounts to about 150 fs. where the time-dependent rate constigitis calculated from
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the time-dependent solution of the Deby@moluchowski
equation for a geminate pair. For an arbitrary potentigt), it

is not possible to solve the DSE analytically. Szabo has found
an approximate expression for the time-dependent rate cofistant

4nDa,e U@ I ke U@
=k6e*ﬂU(a)+4nDael + 4nDa,

K(t) eVZD‘erfc[(yth)”Z]}
(3

where a is the contact radius} = 1/kgT, and U(a) is the

interaction potential between the reactants at the contact radius

ain units of the thermal enerdg T. Here we apply the screened
Coulomb potential of Debye and ldkeP*

Ry explicpu(r — a)]
r 1+ kpya

pu(r) = 4

whereRp andkpy~! are the Debye and ionic-atmosphere radii,
respectively

Ry = |2,2,|€7eksT (5a)
K2y = 8re’cleky T (5b)
Kpud = BVC (5c)

whereB = 3 x 10°° cm~! mol~Y2for water,z; = -1,z = —3

are the charges of the acetate and deprotonated HPTS, respe
tively, eis the electronic charge,is the static dielectric constant

of the solventkg is Boltzmann’s constanfT is the absolute
temperature¢ = [NaAc] is the concentration of the univalent
electrolyte, andh is the reaction contact radiug.is given by

%e—ﬁu(a))

4nDa, ©)

y = a;l(l +
erfc is the complementary error functidg,is the rate constant
of the reaction at contact, ald = kyN' is a second-order rate
constant in M1 s units, whereN' = Na/1000 andkp =
4nDacN' is the diffusion-limited second-order rate constant in
M~1 s71 units. a is an effective radius given by

a, t= j;meﬁu(’)r’2 dr

(@)

The survival probability of ROH* surrounded by an equi-
librium distribution of ions with initial conditiorS(0) = 1 is

S(t) = exp(—c [ k(z) dv) ®)
wherec is the concentration of the acetate ion in our case and
k(t) is the time-dependent rate constant, given by eq 3.

The pump probe signal measured at 540 nm monitors the
RO *(t) population. We used the relation [R&t)] = 1 —
[ROH*(1)].

Results and Discussion

Spectral Shifts. The time-integrated emission of HPTS

C_
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Figure 1. Ground-state absorption spectra of HPTS in pure water (solid
line) and in aqueous solutiorf @ M NaAc salt (broken line). Inset:
Spectral enlargement of the electronic origin region.

at concentrations levels of a few moles might alter the solvent
structure and affect several parameters that are important in
determining the direct proton-transfer reaction rate and mech-
anism.

Changes in both absorption and emission spectra of ROH
and RO in sodium acetate aqueous solutions might indicate
preexisting complexes of acetatROH. We conducted steady-
state spectral measurements of HPTS absorption, fluorescence,
and excitation spectra in solutions containing sodium acetate
of concentrations upot4 M (Figures 1 and 2). In the case of
preexisting ground-state complexation between ROH and B
to form a hydrogen bond complex, ROFB~, the apparent
absorption and emission spectra of a HPTS solution are a
superposition of two distinctive spectra. The first one is ROH
surrounded only by the solvent (in our case, water molecules),
and the second distinctive solvate includes a base molecule in
the first solvation layer with a unique spectral shift due to a
ROH---B~ hydrogen bond. One can ascribe the equilibrium
constant for the complexation reaction for both the ground and
excited states

Ke —
ROH+:S+ B~ == ROH--B™ + S

where the broken line denotes hydrogen bonding.

In a previous study of spectral shifts of 5-cyano-2-naphthol,
we estimated that the hydrogen bond ROGH,0 shifts the
emission band to the red by about 1000 ¢émVe expect that
the magnitude of the spectral shift of a preexisting hydrogen
bond complex ROH-B~ would differ from that of water, and
hence we should observe a distinctive change in either the
absorption or the emission spectra. Examination of both
absorption and emission spectra of HPTS in the presence of
varying concentrations of NaAc shows that the spectra are only

consists of two broad structureless bands centered at 22 60Gslightly red shifted and thattat M the shift is only 80 cm!

cm! (440 nm) and 19 600 cnt (510 nm) assigned to ROH*
and RO ™, respectively.

(Figures 1 and 2). For comparison we also measured the
fluorescence spectrum of HPTS in aqueous NaCl solutions up

In the experiments we used large concentrations of acetateto 4 M. A similar bathochromic shift is also observed in NaCl
salt. Introducing sodium acetate to aqueous solutions of HPTS solutions. These small spectral shifts at high salt concentrations
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seven by reducing the pump energy frombto~0.7 uJ. The
power dependence measurements revealed that the signal shape
is independent of the excitation power and the signal intensity

is linear with the excitation power.

The Origin of the Short Components. The time-resolved
fluorescence signal using the up-conversion technique measured
by Tran-Thi and co-worke?8 also exhibited three time com-
ponents with slightly shorter life times than we found in this
study. The fastest component of 0.3 ps was attributed to
solvation dynamics and the 2.2 ps component to a specific
solute-solvent hydrogen bond formatidAThe long component
of 87 ps fits approximately to the fluorescence decay of ROH*
and to the growth of the fluorescence of ROmeasured by
time-correlated single-photon counting technigtfe? The
changes in the values of the decay times between the two studies
may arise from the differences in the laser power used and the
two methods of measurement.

Spectroscopic measurements are used to quantify solvent
effects on solute molecules. Solvent-induced spectral shifts are
usually attributed to solvent (S) polarity/polarizability effects
and its hydrogen bond (HB) donating or accepting properties.

In recent studie’®-2we had quantified the relative contribu-

4 tions of the various solvent parameters to the spectral shift of
Wavenumber [cm ] 2-naphthol and 5-cyano-2-naphthol in several solvents. When

Figure 2. Steady-state emission spectra of HPTS in pure water (solid €XCited to $, both its dipole moment and acidity increase
line), in aqueous solutionfod M NaAc salt (broken line), and in dramatically. Therefore, the solvent rearranges to accommodate
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aqueous solutionfat M NaCl (dots).dexcitation = 404 nm. the enhanced dipole (nonspecific solvation), and the HB
strengthens considerably. Itis likely that a decrease in HB length
are probably due to electrostatic interactions of waten and occurs in solution. In the time domain, one might expect two

HPTS-ion. We therefore conclude that in solutions of up to 4 ultrafast solvation phases: one due to HB shortening and the
M NaAc the concentration of such complexes is negligible.  second one from nonspecific solvent reorganization.

Pump—Probe Measurements of HPTS in Neat Water. The solvatochromic shifts itboth excited ROH* acid and
Figure 3a,b show the pumprobe signal of HPTS in water ~ RO* base emission are intimately related to HB formation and
measured at 540 nm after excitation of the sample byl@0 contribute to ;. Water emerges as a unique solvent for

fs pulse at 400 nm. The change in the probe pulse transmissionpromoting acid dissociation owing to the combination of its high

AT, changes signs fromT < 0 to AT > 0 at about 50 ps. The  dielectric constant with its ability to act as both HB acceptor
signal consists of three distinct time regimes, a short-time gnd donor.

component of~700 fs, a second component o8 ps, and a The question arises whether the assignments of Tran-Thi and

long-time component of about 100 ps. The computer fits t0 the ¢ \orkera0 of the fast components in the fluorescence signal
signals with the above-mentioned time components are showng e gycusive. The literature data shows that water solvation is
in Figure 3a,b as solid lines. Figure 3¢ shows the signal obtained¢ «; ang hydrogen bond formation or rapture in aqueous
for alkaline solution (pH~ 10) where the HPTS molecule is  g4)ions are longer processes. Solvation dynamics measure-

already in the ground state in its deprotonated form, RIhe o of coumarin 343 dye in watéand simulation®2have
signal is negative and assumes 70% of the absolute value withing, v that solvation is a bimodal process. An ultrafast
300 fs, the time response of the system. The rest of the S',gnalcomponent of less than 50 fs is followed by a 0.8 ps component.
has a growth time of-700 fs. A 700 fs decay component is  gacently we have found that the long component of solvation
also seen in the signal of neutral solution where the ROH speciesy¢ (nqdamine 800 dye in water is much longer than of coumarin
are excne_d. " . i and for water it is 7 ps and for @ 10 ps3® We attribute it to

We attrlpute the positive part of the signal to absorpthn due 4 hydrogen bond formation. These decay times are almost
to the optical transition ROHgH — ROH(S). The negative jjeniical to water and BD dielectric relaxation time# It is
component arises from the ROstimulated emission due to . plausible that hydrogen-bond formation or breaking has a range
transition to the ground state. The total signal at 540 NM iS¢ ime seales depending on the nature of both solute and solvent

analyzed by and whether a weak hydrogen bond already exists as mentioned
above. In photoacids like 2-naphthol and naphthol derivatives,
—AT U 0gopS(t) — 0ro+(1 — 1) 9) the ground-state ROH species already exhibit a hydrogen
bond?526 Upon excitation of HPTS the change in the charge
whereoron+ denotes the absorption cross section of$ho a distribution and bond lengths will probably affect this preexisting

higher excited-statg§; — S, transition of ROH andrg+ denotes hydrogen bond at much shorter times. If the time scale of this
the emission cross section of RO St) and (1— St)) are the change is shorter than the long component of the solvation
excited-state survival probabilities of ROH* and RQrespec- dynamics, then the assignment of the time components by Tran-
tively. The short components arise from changes in ot Thi and co-worker® might be wrong. The fact that the short
andoro+, and their origin is discussed in the next section. We component of 700 fs exists in the signal of both ROH* and
checked whether the signal is linear with the power of the RO™* (Figure 3a,c) is in favor of the assignment to nonspecific
excitation pulse. We changed the laser power by a factor of solvation. More experiments are needed to clarify this important
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Figure 3. Pump-probe signal of HPTS in water along with the computer fits to a three-exponential decay function. The sample was pumped at
400 nm and probed at 540 nm: (a, left) short times, sample at neutral pH; (b, center) long times, sample at neutral pH; (c, right) sample excitation
of the RO species, at pH= 10.

steady-state diffusion-controlled rate of the direct proton transfer

0.7

ROH* + B~ % RO™* + BH (10)

o
=

is faster than the proton-transfer rate to waktgry (120 psyL.13
At lower acetate concentrations the effect on the ROH* and
RO* populations of direct proton transfer to a base is rather
small. The direct proton transfer to the base increases the rate
of RO™* formation, which causes the large difference in the
pump—probe signal, shown in Figure 4, in the presence of NaAc
at concentrations 0.1 M.
20 We have used the diffusive reaction model at the Debye
Smoluchowski spherical-symmetric level to quantify the ex-
perimental data of direct proton transfer from excited HPTS
ROH* to an acetate anion. Within the model there are several
parameters that determine the actual dynarBic®J(r), c, ko
anda. The mutual diffusion constant of the reactari¥s,was
determined by WellérasD = Da¢— + Dpprs= 2 x 1075 cn?
s~1. U(r), the repulsive potential is computed by the Debye
Huckel screening formula (eqs-3). For the contact radius
we used 7 A, the accepted literature value for proton-transfer
reaction? It also resembles the actual size of HPTS and a water
molecule in the first solvation shell surrounding K, the
25 intrinsic proton-transfer reaction rate constant, is used as an
adjustable parameter. In the fitting procedure of the experimental
data its value was kept constant for all acetate concentrations
0.5-4 M. The pump-probe signal changes sign as time
Time [ps] progresses. The relative amplitude of the positive and negative
parts of the experimental signal is determined by the ratio of
Figure 4. Pump-probe signal (dots) of HPTS aqueous solutions
containing sodium acetate salt (NaAc) at several salt concentrationsthe cross sections of absorption ROK(S ROH(S), drow
(top to bottom: 0.5, 1, 2, 3 and 4 M) along with computer fits (solid and the emission cross section of a photon at 540a;, of
line) at two time scales. The samples were pumped at 400 nm andRQo—*, which is formed by the direct proton-transfer reaction.
probed at 540 nm: (a) long times; inset, (b) short times. From the data simulations we find at 540 nm a ratigion/

point. At present we cannot conclusively assign which of the oro = 1/2.8.
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two fast components in the pumprobe signal shown in Figure In general, the signal at 540 nm was analyzed as follows
3a,b is due to specific hydrogen bonding. Ly Ly
The Direct Proton Transfer to the Acetate BaseFigure 4 y=ae "t+ae 2+aS(t)—al—S({) (11)

shows the pumpprobe signal measured at 540 nm of HPTS
aqueous solutions containing sodium acetate salt (NaAc) atwherea;, 7, are the amplitude and the lifetime of the fastest
several salt concentrations. At concentrations>6f1 M, the component (0.7 psp, andt, are the parameters of the slower
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TABLE 1: Fitting Parameters for Simulations of
Experimental Results: HPTS in Aqueous Solutions
Containing NaAc Salt at Different Concentrationst

NaAc T 72 D(cm?s™) relative
concn (M) a4 aa (ps) a (ps) diff. coeff. viscosity

0 0.67 030 0.7 035 3.0 2210° 1.00
0.5 095 0.25 0.7 025 3.0 2010° 1.07 0.6 -
1 0.92 025 0.7 025 3.0 1010° 1.24
2 115 025 0.7 025 12 1810° 1.64
3 155 025 07 025 1.0 1010° 2.30
4 175 025 0.7 025 1.0 0.8510° 3.00

a Fitting parameters according to eq 14 in the text. In all the fits the
following values were kept constank, = 1.6 x 10" (M~1s7%); a3 =
0.6; kg = (100 psjt.

1.0

0.8

Signal (a.u.)

component (for neat water 3.0 p§(t) = St)e™d, t) is the
survival probability computed from eq 8, alglis the proton-
transfer rate of HPTS to wateky(= (120 ps)?). The population
of ROH* has a relatively short lifetime, since it also reacts with 02 -
the water molecules and transfers the proton to the water in

competition with the Ac base reaction. The produeagS(t)

gives the relative contribution of the ROHY{opulation to the 0.4 -
signal.ag is related to the absorption cross section ROH(S
ROH(S) (orow)- S(t), the survival probability of the protonated 5 0 5 10 15 20
form, converts to (1- S(t)), the deprotonated form survival

probability by the proton-abstraction reactian.is related to Time [ps]

the emission cross section of the transition &) — RO (S),

(0ro). 1.0

Table 1 gives the relevant parameters for the data fit. The
computer fits to the experimental pumprobe signal for
HPTS-sodium acetate water solutions (pumped at 400 nm and
measured at 540 nm) are shown as solid lines in Figure 4. We
get good fits to the experimental results for the valuépf 0.0
1.6 x 10" M~1 s71 at all acetate concentrations. The pseudo
first-order rate 84 M sodium acetate is-(3 ps) L. The fastest
signal component that was found for neat water solution as 0.7 0.5+
ps does not depend on the acetate concentration, while the
second component of 3 ps reduces +d.0 ps at acetate
concentrations2 M.

Figure 5 shows the pumgprobe signal of HPTSD,O
pumped at 400 nm and measured at 540 nm in the presence of
various concentrations of NaAc. The same mathematical
procedure was used to fit the experimental data for the deuteron
transfer in BO. Figure 5 shows as solid lines the fit to the@®
measurements. Table 2 provides the relevant parameters of the
D,O computer fit. The value for the intrinsic deuteron-transfer 2.5
rate constant at the contact radifs” = 4 x 1010 M1 s,
and the isotope effect ig™/kPT = 4.

0.5+

-1.0

-1.54

Signal (a.u.)

-2.0

The isotope effect of the intrinsic rate constant for proton/ -3.0 | S LA SR S
deuteron transfer to watersD of excited HPTS is~3.12-14 |n 0 20 40 60 80 100
contrast, the isotope effect of the back-reactionR@ HzO" Time [ps]

— ROH* + Hy0 is only 1.4, similar to the isotope effect of

proton mobility32 The viscosity and dielectric relaxation isotope . | ) .
effects at room temperature are 1.2 and 1.25 respecﬁ%ely of NaAc_ salt, at various congen@ratlons, at two different time scales
’ e * along with computer fits (solid line). The samples were pumped at

The large isotope effect found_ fo_r the direct proton/deu_teron 400 nm and probed at 540 nm: (a, top) short times: (b, bottom) long
transfer from HPTS to acetate indicates that the mechanism oftimes.

both proton transfer to the solvent and the direct proton transfer ) ) o
to acetate exhibits similar rate-limiting steps. A relatively large model, given in eqs28. The free parameter of the data fit is
isotope effect is expected in the actual proton/deuteron transferthe intrinsic proton-transfer rate constaf,from the photoacid

Figure 5. Pump-probe signal of HPTSD,O solutions in the presence

along the hydrogen coordinat&3s to the acetate anion. All other parameters are known from
published literature values. For water we found an intrinsic
~H _ , ~H second-order rate constakg,= 1.6 x 1011 M~1s71 |tis about
RO—H—=0_ ,— ~ ROH—O_ 20 times larger than the diffusion-controlled rate conskart
47DaN', whereD = 2 x 1075 cn?/s, @ ~ 4.5 A. In such a
The Diffusive Model for Photoacid—Base ReactionsThe case the time-dependent rate constant, eq 3, changes drastically

analysis of the pumpprobe data is based on the diffusive with time. Figure 6 shows the time dependenck(tfcalculated
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TABLE 2: Fitting Parameters for Simulations of
Experimental Results: HPTS in D,O Solutions Containing
NaAc Salt at Different Concentrations at Two Time Scale%

NaAc 21 7, D(cn?s) relative
concn (M)  as a; (ps) a (ps) diff. coeff. viscosity
2.1. Short Times (20 ps)
1 160 042 1 033 65 2510° 1.33
2 175 042 1 033 25 2RQ10° 1.76
4 170 050 1 050 25 1410° 3.26
2.2. Long Times (100 ps)
1 160 042 1 033 65 2510° 1.33
2 175 050 1 043 25 2RQ10° 1.76
4 175 050 1 050 25 1410° 3.26

aFitting parameters according to eq 14 in the text. In all the fits the
following values were kept constank, = 0.4 x 10" (M 1s™?), a3 =
0.6, ks = (300 ps)™. ® The viscosity is related to water.
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Figure 6. Comparingk(t) at two time scales and different values for
ko, with D = 2 x 10° Mt st andZ = —3; (a, top) short times; (b,
bottom) long times.

from eq 3 with the relevant parameters of the addse
reaction. Att = 0 it assumes the valuge #Y@ (for 4 M NaAc,
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Figure 7. Calculated survival probabilities of ROH(t), at different
NaAc concentrations (top to bottom: neat water, 0.5 M, 1 M, 2 M, 3

M, and 4 M). (a, top) linear scale; (b, bottom) semilog scale.

e PU@ = 0.5, andkee U@ = 8 x 10° M~1 s71). The long-
time asymptotic expression &{t) is given by eq 12

4nDa ke M@
Kee "Y@ + 47Da,

k= k(t) =
t—o0

(12)

wherek, = ko/N'. In our caseoe U@ is much larger thakp
(for 4 M NaAc D = 0.7 x 1075 cn?/s), and thereforé ~ kp
(ko = 3 x 10° M~1 s71, more than 20 times smaller than its
initial value).

The survival probability of ROHS(t), is calculated from eq
8 and is shown in Figure 7. Sindgt) is time-dependent{(t)
decays nonexponentially aig{t) decays exponentially at very
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Figure 8. Survival probability of ROH* St), at 4 M NaAc (full line)

along_with a biexppnential fit (oroken line): (a) short times; inset, (b) determined. The rate of intermolecular proton transfer is
long times; (c) residuals. correlated with the difference in the aeibase properties of
long times. We compared the survival probability of ROH to a the proton donor and acceptor, respectlyely. Pmes_ and co-
two-exponential functioty (t) = aet + (1 — a)e k. Figure workers found such a correlaltléﬁ.'l'he.ba_lsm assumption fqr
8 shows such a comparisonrfé M NaAc aqueous solution. such'free ener'gy'colrrelatlon is that Wlthln a family of S|rln|lar
We found that the residualB(t) = [(S(t) — Y (§)/S(t)] x 100 reactions the intrinsic free energy barrlesrs' for the reaction is
(Figure 8c), between the calculated survival probability and the Modified by the total free energy chang&.> The free energy
two-exponential fit depend both on time and on the base Parier forthe regctlorGa, IS t?_en assumed to depend on some
concentration. At short times it is positive and its value increases INtrinsic barrierG, andAG. G, is the activation energy for the
with the concentration from 1.2% at 0.5 M NaAc to 7.5% at 4 Cas€eAG = 0 (the symmetric case). They found that the
M NaAc. From Figure 8 it is clearly seen that the two- measured proton-transfer rates correlate with an Arrhenius plot
exponential function fails to fit the calculated survival probability o
even though the deviations are relatively small. The value of ky = Ky exp(=G/RT) (13)
the short-time rate constakt is close tokye #U@, while the
long-time rate constant is close kg. Using ordinary homo- ~ Wherekg = 3 x 101 st is the activationless rate limit ar@
geneous chemical kinetic equation formalism generates a sum= 2.9 kcal/mol. The valuekf) ! is betweenr, < kg! < 1p,
of exponents.S(t) fits the data better than a biexponential wherer. = eu/eo, andzp is the longitudinal relaxation time.
function. The signal-to-noise ratio of the experimental results and g are the high- and low-frequency dielectric constants,
and the contributions of other components to the signal preventsrespectively. From the Pines and co-workers stdye expects
us from showing that the experimental signal fits onlyXo) to find an upper limit to the water-mediated proton-transfer
and not to other functional forms. reaction rate constant. This limit should K and the time for
The electrostatic potentiél(a) affects the rate of the reaction  the proton-transfer process should not be shorter thaps. If
between the acid and the base, in our case the repulsion betweethe proton-transfer rate depends on the solvation dynamics and
the acetate negative ion and the triply negative charged HPTS.hydrogen-bond dynamics as rate-limiting steps for the actual
U(a) affects both the initial rate constarke#Y®, and the proton-transfer process, then we expect that the proton-transfer
effective contact radiuae (eq 7).ac affects both the diffusion- rate will not be shorter than (2.2 pd)for HPTS according to
limited rate constantp = 47DaN', and the parameter (eq the Tran-Thi study? In this study the shortest pseudo first-
6), which affects the time dependence kif) (eq 3). The order rate constant for the direct proton transfer to a base
Debye-Hiickel ionic atmosphere decreases this repulsion. The molecule was found to beke Y@ = 3.2 x 101 s (at 4 M
screening effect depends strongly on the acetate concentratiorNaAc). This rate constant is within the limit of the prediction
(egs 4-5). The larger the acetate concentration, the larger the of Pines at al8
screening. Figure 9 shows the concentration dependence of the Long-Time Behavior. We extended the time scale of
initial rate constant. As can be seen the initial rate constant observation of the chemical reaction ROH*B~ — RO™* +
increases by a factor of 2 from 0.5 to 4 M. HB to the nanosecond scale by measuring the time-resolved
The exact mechanism of proton transfer from ROH* to the fluorescence using the time-correlated single-photon counting
solvent and/or to a specific base like in this study is not yet (TCSPC) technique. The TCSPC technique has a relatively poor
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g
o
2 0.014 F maximum, which we attribute to the presence of NaAc in the
1 solution. At low NaAc concentrations (0.68.5 M), we used
i successfully the DebyeHickel screening potential, eqs-5.
R We found that we cannot achieve a good fit to the experimental
signal d 1 M NaAc with the calculated screening Ieng&[@ﬂ|
o . " " (eq 5c), whereB = 3.2 x 107° cm! mol~%5 We got a good

fit when we usedB = 2.9 x 10°% cm™! mol % (see Figure
Time [ns] 10a); i.e., the effective screening at high concentratiorss {
Figure 10. Time-correlated single photon counting signal of HPTS M) is smaller than that predicted by the Debyéiickel theory.
H2O solutions _in the presence qf NaAq sa_\lt at various concentrations Figure 10b shows the experimental data along with the
(dots) along with the computer fits (solid line). (a, top) Moderate salt ¢, m 5 ter fit of HPTS solutions at low acetate concentrations.
concentrations, top to bottom: 0.5 M NaAc. (b, bottom) Low salt The top plot shows the result for the HPTS emission in neat
concentrations, top to bottom: neat wati),(0.03 M @), 0.12 M : s
NaAc (@). water. The large difference of this signal compared to 0.03 and
0.12 M NaAc solutions arises from the contribution of the proton
time resolution, and our system instrument response function geminate recombination process to the emission tail of ROH*
(IRF) is limited to 45 ps. The signal/noise ratio is excellent and in neat watet?~> Note that the experimental decay curves at
the dynamic range is large, about 4 decades. Time-resolvedthese concentrations are almost identical. Introducing to the
fluorescence measurements were used extensively in the lasfdqueous solution an amount of acetate larger th@r03 M
two decades to study photoacid proton-transfer reactions. In thisstrongly reduces the geminate recombination (see Figure 10b)
section we will show that both techniques using different pulse Since the acetate anion efficiently reacts with the ejected proton,
widths, intensity, and time scales produce the same information H" + Ac™ — HAc. The proton diffusion is high, and therefore
on the photoacidbase reactions. the second-order diffusion-limited reaction rate constkfjt,
Figure 10a shows on a semilog scale the time-resolved = 47Dy+aeN', for this reaction is 5x 10'°° M1 s713
emission measured at 435 nm of HPTS aqueous solutions At low NaAc concentrations (0.03 and 0.12 M), the computer
containing sodium acetate at moderate concentrations of 0.5 andit is almost identical for all the concentrations. At such low
1.0 M. The fluorescence band maximum of the ROH* emission concentrations the pseudo first-order rate constdnt=
is at 440 nm. We measured the luminescence at 435 nm tokp[Ac~] is much smaller than the direct proton-transfer rate
reduce the overlap between the ROH* and the"'R@mission constant from ROH* to watekp = 8 x 10° s L. For acetate
bands (RO* maximum is at 510 nm). We fit the experimental concentration of 0.1 Mkp ~ 3 x 10® M~ st andk;, = 3 x

emission decay using eqs-8 and convolute the calculat&t) 10 s7L. This value is smaller by an order of magnitude than
(eq 8) with the IRF of the experimental system. The fits are kg, and hence the acitbase reaction is inefficient to compete
shown as solid lines in Figure 10. with the proton transfer to the solvent. We find that the

As can be seen from Figure 10a, the fit to the experimental experimental data at long times deviates from the computed
data is good for both 0.5 drnl M salt concentrations. We used signal. The reason is that at these low concentrations the proton
for the computer fit the same parameters as for the ultrashortgeminate recombination contributes to the experimental signal.
pump—probe experiments (Table 1). We find a small fluores- We plan to include in future model calculations the repopulating
cence background with an amplitude of about 0.001 of the signal process RO* + HT — ROH* and other processes that occur
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in solution and compete with the main procetise photoacie (5) Ireland, J. F.; Wyatt, P. A. HAdv. Phys. Org. Chem1976 12,
i ati ; 131.

tl\)/lasﬁ n;utrallzhatmn. QL acetate qoncentratlons fIrarg_er Ithar_1 h0.1 (6) Martinov, 1. Y.; Demyashkevitch, A. B.: Uzhinov, B. M.: Kuzmin,
, the direct photoacietbase reaction competes effectively with G "russ. Chem. Re(Usp. Khim) 1977 46, 3.
the proton transfer to water and the decay rate of ROH* emission  (7) Schulman, E. FEluorescence and Phosphorescence Spectroscopy
increases. Pergamon Press: New York, 1977.

Figure 11 shows the survival probability of ROH* at long (8) Arnout, L. G.; Formosinho, S. J. Photochem. Photobiol. 2093
time. From Figure 6.one can see tikét) at times of about 50 (9) Wan, P.: Shukla, DChem. Re. 1993 93, 571.
ps assumes approximately the asymptotic value given by eq (10) Knochenmuss, Rchem. Phys. Letfl998 293 191.
12. As mentioned in the previous section, sifige> kp, then (11) Peters, K. S.; Cashin, A.; Timbers, .Am. Chem. SoQ00Q
at long times ¢50 ps)k ~ ko = 3 x 10° M~1 s71 At long 122 107.

: : - : (12) Pines, E.; Huppert, Dl. Chem. Phys1986 84, 3576.
times S(t) decays almost exponentially with an effective rate (13) Pines. E.. Huppert, D.. Agmon, . Chem. Phys1988 88, 5620,

constank’' = kp[Ac~] + kg as can be clearly seen in Figure 11. (14) Agmon, N.; Pines, E.; Huppert, D. Chem. Phys1988 88, 5631.
(15) Huppert, D.;Pines, E.; Agmon, N. Opt. Soc. Am199Q 7, 1500.

Summary (16) Goldberg, S. Y.; Pines, E.; Huppert, Bhem. Phys. Lett1992
_ _ i i 192, 77.
Pump-probe techniques with-150 fs resolution and time- (17) Gasele, U. M.Prog. React. Kinet1984 13, 63.

resolved emission with~20 ps resolution were employed to (18) Pines, E. Magnes, B-Z.; Lang, M. J.; Fleming, G GRem. Phys.
measure the photoacidbase reaction rate. Excited 8-hydroxy- '-Et(tié)ggggﬁl l\jl:r-]gew Chem., Int. Ed. Engl964 3, 1
pyrene-l,3,6-trlsulfonate (HPTS)_ rea_cted with acetate anion in (20) Praye}, C.: Gustavsson” T-H. Tran-Thi, Fost Elementary
aqueous solution. We used a diffusive model to describe the processes in Chemical and Biological Systermerican Institute of
reaction kinetics. We found a good agreement between thePhysics: Woodbury, NY, 1996; Vol. 364, pp 33339.

model calculations and the experimental data. We have found %1%)Saf_'<elif-1§55pzegtr2‘305563-? Huang, C. P.; Murnane, M. M.; Capteyn,
. NN _ Liaa 1 . C. Opt. Lett. , .
relatively large intrinsic rate constakf= 1.6 x 10"*M~'s (22) Von Smoluchowski, MANN, Phys1915 48, 1103.

for the reaction. This rate constant is about 20 times larger than  (23) szabo, AJ. Phys. Chem1989 93, 6929.

the diffusion-limited rate constant. In such a case the overall (24) Robinson, R. A.; Stokes, R. HElectrolyte solutions2nd ed.;
reaction rate coefficient is-20 times larger at = 0 than att Butterworths: London, 1959. . .

— = and the survival probability decays nonexponentially. The Chgg)_ Ssé’érl‘gsgeé’ 'lgb%i)Hgggift’ D.; Tolbert, L. M.; Agmon, N. Am.
isotope effecke"/koP* = 4 is about the same as that of direct ~ (26) solntsev, K. M.; Huppert, D.; Agmon, N. Phys. Chem1999

proton transfer to water itself. 103 6984.
(27) Jimenez, R.; Fleming, G. R.; Kumar, P. V.; Maroncelli, Nature

1994 309, 471.
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